Site-directed mutagenesis has been used to change the nucleotide C in the wobble position of tRNAGI?
The results showed that while the efficiency of tRNAf1y (UCC) was comparable to that of mycoplasma tRNAGIY (UCC) in the reading of the codon GGA, the mycoplasma tRNAGUY was far more efficient than the tRNAG'Y (UCC) in the reading of the codons GGU and GGC. Thus, the anticodon UCC, when present in the structural context of the tRNAGI'Y molecule, behaved as predicted by the wobble rules while in the structural context of the mycoplasma tRNAGIy it read without discrimination between the nucleotides in the third codon position, in violation of the wobble restrictions. The result with the codon GGG showed that the anticodon UCC, when present in tRNAGl, was considerably less efficient in reading this codon than it was in the structural context of the mycoplasma tRNAGY. It would therefore seem that the anticodon UCC, when present in a certain tRNA, can be an efficient wobbler, while in the molecular environment of another tRNA it is markedly restricted in its ability to wobble.
The genetic code can be thought of as being made up of 16 boxes, each containing four codons. All codons in a box have the same nucleotides in the first two positions; the variation between the codons is in the third nucleotide. In half of the boxes the codons have been divided up between the amino acids or between amino acids and stop words. When reading the codons of such boxes, it is obviously necessary to be able to distinguish between the nucleotides in the third codon position to avoid translational errors (1) .
Half of the codons in the genetic code are contained in family boxes in which all four codons denote the same amino acid. Analysis in the laboratories of Sanger (2) , Tzagoloff (3) , and RajBhandary (4) of mitochondrial tRNA genes and their gene products has established that in both mammalian and yeast mitochondria the family boxes are read by only one tRNA each. Furthermore, in chloroplasts from tobacco leaves (5) and liver wort (6) the number of tRNA genes indicates that several ofthe codon families in these organelles would seem to be read by only one tRNA each.
Unconventional codon reading without discrimination between the nucleotides in the third codon position is not limited to chloroplasts and mitochondria but can occur also in free-living microorganisms. Kilpatrick and Walker (7) have reported that Mycoplasma mycoides ssp. capri contains only one glycine tRNA and that this tRNA has an unsubstituted U in the wobble position. We have tested this glycine tRNA in an in vitro protein-synthesizing system programmed with the phage messenger MS2 RNA and have found that it was almost as efficient in the unorthodox reading of the codons GGU and GGC as it was in conventional reading (8) , suggesting that M. mycoides might, at least in the glycine case, use undiscriminating reading of the type indicated above.
Furthermore, the results of an inventory of tRNA genes and their gene products that we have undertaken in this microorganism have so far yielded results consistent with the view that several of the codon families are read without discrimination in the third codon position (9, 10).
What structural elements are important for the efficiency of this type of unconventional reading? The enhanced unconventional reading shown by the mycoplasma glycine tRNA in an in vitro system, derived entirely from Escherichia coli, might suggest that the structural context provided by the mycoplasma tRNA molecule increases the ability of the anticodon to make such unconventional codon readings. An alternative possibility would be that the presence of an unsubstituted U in the wobble position, regardless of the structural context, confers this superior ability on the tRNA. As a first approach to the elucidation ofthis problem, we have changed the gene for glycine tRNA1 (anticodon CCC) by site-directed mutagenesis so as to substitute the nucleotide T in the gene position corresponding to the wobble nucleotide of the tRNA. In the present paper, we report the effect that this change of the wobble nucleotide has on the efficiency of the tRNA in unconventional codon reading.
MATERIALS AND METHODS
The preparation of S30 extract from E. coli ts48 and the purification and esterification of tRNAs were as described (8) . Oligonucleotides for in vitro mutagenesis were obtained from Biosyntech (Hamburg, F.R.G.), from Syn-Tec (Umea, Sweden), or from the Department of Physical Chemistry, Chalmers University of Technology (Goteborg, Sweden). The vector pKK223-3 was from Pharmacia, and the pGEMI vector was obtained from Promega Biotec. The T7 RNA polymerase overproducing strain HMS12/pGP1-5/pGP1-1 was generously provided by Stanley Tabor and the enzyme was purified as described by Tabor and Richardson (11 (12) . The nucleotide sequence of the mutant tRNA gene was determined by the M13 single-strand phage dideoxynucleotide chain-termination method of Sanger et al. (13) .
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The mutagenized tRNAGly gene was cloned under the tac promoter in the expression vector pKK223-3 and the pattern of isoaccepting glycine tRNAs in cells transformed with the recombinant vector was compared to that of cells transformed with the nonrecombinant vector. Crude tRNA was purified and the glycine isoacceptor tRNAs were separated on benzoylated DEAE-cellulose as described (8) .
In (14) .
The tRNAG'y (UCC) was further purified by two-dimensional gel electrophoresis (15) and sequenced by the Gupta and Randerath direct read-out method (16) . The nucleoside diphosphate corresponding to the wobble nucleotide showed the mobility expected for uridine diphosphate both in the standard chromatographic medium of that method and when analyzed by two-dimensional TLC (17) .
Furthermore, in a tRNA hydrolyzate analyzed by HPLC (18) we could only detect the modified uridine phosphates present also in the wild-type tRNAGly (CCC)-i.e., 4-thiouridine, 5-methyluridine, and pseudouridine. The result of our characterization oftRNA ¶GY (UCC) is shown in Fig. 1 . The sequence ofmycoplasma tRNAGlY is included for comparison.
Protein Synthesis with MS2 RNA Transcribed in Vitro. To be able to monitor conveniently the reading of all four glycine codons, a nearly full-size cDNA copy of the phage message MS2 RNA, kindly provided by E. Remaut (Laboratory of Molecular Biology, Rijksuniversiteit, Gent, Belgium), was used for site-directed mutagenesis of the coat protein gene. Single-stranded DNA was prepared from an M13mpl8 clone containing a 754-base-pair Xba I/BamHI fragment of MS2 cDNA (21) and site-directed mutagenesis was performed essentially as described (22) .
The glycine codons corresponding to amino acid positions 13, 14, 16, 28, and 73 in the coat protein were replaced in the coat protein gene by alanine or valine codons as indicated in Fig. 2C . Furthermore, in four separate MS2 cDNAs, one of the glycine codons, either GGT, GGC, GGA, or GGG throughout, was introduced corresponding to amino acid positions 72, 74, 76, and 78 followed by the termination codons TAA and TAG at amino acid positions 89 and 90 ( Fig.   2C ). To suppress the translation of the replicase cistron the initiation codon ATG of that cistron was changed to ACG.
In this way, we obtained four differently modified MS2 cDNAs, one in which GGT was the only glycine codon in the coat protein gene, another that had only GGC, etc. The corresponding MS2 RNAs, when used to program the in vitro protein synthesizing system, would produce a coat protein fragment that could be used to monitor the reading of the appropriate glycine codon.
For transcription, the mutated MS2 cDNA fragments were inserted into the vector pGEMI containing the 3.7-kilobase MS2 cDNA fragment shown in Fig. 2 . The recombinant pGEMI vectors (pGEMI-MS2), each representing one of the glycine codons, were digested with BamHI and the linearized DNA was transcribed with T7 RNA polymerase (23) . The transcripts, which contained both the entire A protein cistron, the mutated coat protein cistron, and part of the replicase cistron (Fig. 2) , were designated BamHI MS2 RNA.
Conditions for the in vitro protein synthesis were as described (8) . For the competition experiments in Table 1 , the reaction mixture contained, in addition, 300 ,ug ofBamHI MS2 RNA and the competing glycyl tRNAs in concentrations of 2 uM each in a final vol of 0.25 ml. One of the tRNAs was esterified with [(4C]glycine (110 mCi/mmol; 1 Ci = 37 GBq) and the other with [3Hlglycine (1 Ci/mmol).
The coat protein fragment was purified by gel filtration on a Sephadex G25 column (1 x 25 cm). Elution was with 8 M urea/0.1 M 2-mercaptoethanol/20 mM Mops buffer, pH 7.5 (buffer A). Fractions containing the fragment were combined and it was further purified by chromatography on a CMSepharose column (1.5 x 3 cm). The column was first washed with 10 ml of buffer A and the fragment was then eluted with a linear gradient of NaCl using 10 ml of buffer A in the mixing chamber and 10 ml of 1 M NaCl in buffer A in the reservoir.
The synthesized coat protein fragment contains four acid to eight basic amino acids and should therefore be positively charged at most pH values. This was verified by gel electrophoresis in a pH gradient from 3 to 10 (24) with the product labeled with [35S]methionine or [35S]cysteine. It appeared homogenous under these conditions and when subjected to SDS/polyacrylamide gel electrophoresis (25) as shown in Fig. 3 . A detailed description of the protein-synthesizing in vitro system will be given in a forthcoming publication.
RESULTS
Expression of the tRNAGl'y (TCC) Gene. By the procedure described in Materials and Methods the nucleotide in the tRNA GlY gene sequence corresponding to the wobble position was exchanged for T to give the anticodon gene sequence TCC. To express the mutated gene, it was cloned in the vector pKK223-3 under the tac promoter. The tRNA?'Y (TCC) gene was efficiently expressed in E. coli so that the level of the corresponding tRNA in the cell was =20 times that of the wild-type tRNAGly (CCC). When crude tRNA prepared from cells containing the recombinant vector was chromatographed on benzoylated DEAE-cellulose, the mutated tRNA appeared as a new peak with a position on the chromatogram in between that of tRNAGlY (CCC) and tRNA21Y (NCC, where N is an unknown derivative of U).
These two glycine tRNAs are for all practical purposes the only ones that could contaminate the mutated tRNA ¶?Y fraction obtained after the purification procedure. However, because of the very considerable overexpression of the mutated tRNAly gene in the pKK223-3 vector, the concentration in the cell of the mutated tRNAGly was so high compared to the concentrations of tRNAGly (CCC) and tRNA Gly (NCC) that even if a considerable fraction of these isoacceptors still contaminated the mutated tRNAGly after the purification, they would, nevertheless, represent only a tYCOPaaun tRNAGw In a previous study of glycine codon reading, we have used the viral messenger MS2 RNA to program an in vitro protein synthesizing system, which under these conditions largely synthesized the MS2 coat protein (8) . However, because of the unfavorable position ofthe codon GGG in the coat protein cistron, the reading properties of this codon could not be determined. For the present study, we have therefore used four different MS2 RNAs, modified by site-directed mutagenesis so as to make it possible to monitor the reading of all four glycine codons. For details the reader is referred to Materials and Methods and Fig. 2 .
The S30 extract used in the experiments described below was prepared from an E. coli mutant with a temperaturesensitive glycine:tRNA ligase. The enzyme was extremely heat labile and, in our standard glycine:tRNA ligase assay, we could not detect any activity in the S30 extract. Consequently, our protein-synthesizing system was strictly dependent on added glycyl tRNA (8) .
To evaluate the relative reading efficiencies of different isoacceptor glycine tRNAs, experiments were performed in which two tRNAs competed with each other for the same codon. In a competing pair, one tRNA was esterified with
[3H]glycine and the other with [14Clglycine and the tRNAs were incubated together in equimolar concentrations in the in vitro protein-synthesizing system. The relative efficiency of the competing tRNAs in the reading of a certain codon could be calculated by comparing the ratio of 3H to "'C in the coat protein fragment synthesized in response to the modified MS2 RNA containing the appropriate glycine codon, with the isotopic ratio of the glycyl tRNAs incubated.
The yield of the translation was the same with the two tRNAs tested, as measured by the incorporation of glycine into the coat protein fragment synthesized using each tRNA alone as the only source of glycine.
The results of the competition experiments are summarized in Table 1 and the accompanying histogram (Fig. 4) (UCC) was comparable to that of mycoplasma tRNAGIY (UCC) in the reading of the codon GGA, the mycoplasma tRNA01Y was far more efficient than the tRNAl'y (UCC) in the reading of the codons GGU and GGC. Thus, the anticodon UCC, when present in the structural context of the tRNAly molecule, behaved as predicted by the wobble rules. On the other hand, in the structural context of mycoplasma tRNA01Y it read without discrimination between the nucleotides in the third codon position in violation of the wobble restrictions (8) . The result with the codon GGG showed that the anticodon UCC, when present in tRNA?' , was considerably less efficient in reading this codon than it was in the structural context of the mycoplasma tRNA01 .
An alternative interpretation of our results would be that both the intense discrimination and the wobble restriction shown by the mutant tRNA?'Y (UCC) were caused by the presence of a modified uridine in the wobble position. This would seem unlikely, however, in view of our analysis of the wobble nucleotide, which showed that both in the GuptaRanderath method (16) and when isolated from the ladder obtained in this method and subjected to two-dimensional TLC (17) it behaved as expected for a uridine diphosphate. Furthermore, when a hydrolyzate of tRNAGy (UCC) was analyzed by HPLC (18) it was shown to contain only such derivative of uridine phosphate present already in tRNAG'Y (CCC) (Fig. 1 ).
DISCUSSION
In all cases but one in which there is irrefutable evidence in vivo of a single tRNA reading all four codons in a family box-i.e., reading without discrimination in the third codon position-and the primary structure of the tRNA is known, it has an unsubstituted U in the wobble position (4) . The only exception is the arginine tRNA that reads the codon family CGN in yeast mitochondria and has an A in this position (26) . The ubiquity of unsubstituted U in this type of unconventional codon reading in vivo is of course suggestive and it has been argued that in the mitochondrion U in the wobble position can form stable base pairs with both U and C in the third codon position (4) . The other possibility, that family codons ending in U or C may be read by a two-out-of-three mechanism in the mitochondrion, has also been suggested (8) .
In this context, it should be emphasized that the efficient reading of GGA by the mutant tRNAGy (UCC) makes it very unlikely that its poor reading of GGU and GGC could be explained by it being generally inefficient in translation.
The result of the experiments with the codon GGG, in which reading by the anticodon UCC would involve a wobble interaction, showed that this anticodon, when present in tRNAGly, was considerably less efficient in reading GGG than it was in the structural context of the mycoplasma tRNA01Y. It 
